ABSTRACT
INTRODUCTION
Procedures used for obtaining transgenic plants through Agrobacterium tumefaciens -mediated transformation can result in the integration of a variable number of gene copies at different locations in the plant genome (Reference 10; and references therein). The integrity of the transfer DNA (T-DNA), the locus or loci where it is inserted (13) and, particularly, the number of inserted copies (12) , reviewed in References 6 and 7, can affect the stability and expression level of transgenes. Therefore, a screening of transgenic populations for the number of integration events must be conducted for meaningful analysis of transgene expression levels. Besides the presence and number of T-DNA copies, screening procedures have to ascertain the uniqueness of transgenic lines, since different calli, which are considered as distinct transgenic cells lines, can in some cases be derived from the same integration event.
Southern blot analysis is the most commonly used method to determine the presence of T-DNA and the copy number. Although it can produce accurate results, it becomes labor-intensive when many samples have to be assayed, and it consumes relatively important amounts of genomic DNA. Direct polymerase chain reaction (PCR) methods using transgenes as PCR targets allow a rapid detection of the presence of T-DNA (15) . Other PCR procedures such as inverse PCR (4, 21) , randomly primed PCR (20, 22) and vector ligation PCR (24) have been developed for "walking" into the uncloned plant genomic DNA that flanks T-DNA. However, to become useful for large-scale screening, these procedures would have to be streamlined to allow fast and cheap analysis of the many samples encountered in transgenic plant research.
We propose a screening method based on the amplification of a region flanking the T-DNA in a restriction fragment. These regions are specific to the integration loci, and thus their length is different for each integration event. The method is derived from that of Siebert et al. (19) , and it combines the ligation of adaptors to the restriction fragments obtained from genomic DNA, followed by two successive PCR amplifications. Amplification using primers complementary to the adaptor, called "vectorette" PCR (1), can lead to undesirable background of nonspecific amplifications. Siebert et al. have developed so-called suppression PCR to reduce nonspecific amplification among the general population of DNA by using a special adaptor (19) and by using particular cycling parameters (touchdown PCR) (11) . We have modifed the technique in the following ways: the adaptor now has a shorter upper-strand oligonucleotide and a lowerstrand oligonucleotide without any 3 ′ -end chemical modification. Moreover, it is now designed with a staggered end (instead of a blunt end) complementary to genomic DNA fragments restricted with endonuclease Taq I. The modified technique allows rapid analysis of large sample numbers.
MATERIALS AND METHODS

Plant Materials and Growth
Arabidopsis thaliana(cv. Columbia) plants were transformed by A. tumefaciensLBA 4404 using the co-cultivation method with root explants (23) . All the constructions were cloned in the pBI -101 vector (CLONTECH Laboratories, Palo Alto, CA, USA). Transgenic plants used for this study were transformed with a seed storage protein promoter fused with the β -glucuronidase (GUS) reporter gene (Reference 2; and unpublished). Plant media, selection and growth conditions were those described by Valvekens et al. (23) . Resistant plants were harvested after three weeks for DNA extraction.
Plant DNA Extraction and Digestion
Isolation of genomic DNA was performed with a scaled-down version of the hexadecyltrimethylammonium bromide (CTAB; Sigma, St. Louis, MO, USA) DNA extraction method (5), from about 100 mg of tissue from frozen whole plants. Better yields were obtained when 1% polyvinylpyrrolidone (PVP-40; Sigma) was added to the CTAB buffer. For PCR amplifications, 1 µ g of genomic DNA was digested for 2 h at 65°C with 20 U of Taq I (Amersham Pharmacia Biotech, Baie d'Urfé, QC, Canada) in a 50-µ L final reaction volume of 1 × One-PhorAll ™ buffer (Amersham Pharmacia Biotech) under mineral oil. One-fifth of the reaction mixture was analyzed by agarose gel electrophoresis. For Southern blot analysis, 5 µ g of genomic DNA were digested overnight in the same buffer, with 50 U of Taq I in a 250-µ L final reaction volume.
Adaptor Preparation and Ligation
The adaptor was prepared by annealing the following complementary oligonucleotides: upper strand, 5 ′ -C -TAATACGACTCACTATAGGGCTC -GAGCGGCCGGGCAGGT-3 ′ ; lower strand, 5 ′ -GCACCTGCCCAA-3 ′ . The adaptor annealing reaction was performed in 1 × One-Phor-All buffer with a final concentration of 50 µ M for each oligonucleotide. The reaction mixture was heated at 80°C for 2 min, then cooled down to 22°C over a period of 45 min. Ligation of the adaptor to the restricted genomic DNA was performed in 1 × One-Phor-All buffer in a final volume of 25 µ L with 10 µ L of the restriction reaction and 0.08 Weiss units of T4 DNA Ligase as directed by the manufacturer (Amersham Pharmacia Biotech).
PCR Amplifications
PCRs were optimized for amplifying long fragments with a DNA Thermal Cycler, Model 480 (Perkin-Elmer, Mississauga, ON, Canada). Primary PCRs were conducted in a 50-µ L volume. They contained 5 µ L of the ligation reaction, 10 mM Tris-HCl, pH 8.3, 2.5 mM MgCl 2 , 50 mM KCl, 400 µ M of each dNTP, 5% dimethyl sulfoxide (DMSO; Sigma), 0.25 µ M adaptor primer AP1 (5 ′ -GGATCCTAATAC -GACTCACTATAGGGC-3 ′ ), 0.25 µ M right-border (RB)-specific primer RB1 (5 ′ -ACGCGCAATAATGGTTTCTGA-C-3 ′ ) and 2 U of Taq2000 ™DNA Polymerase (Stratagene, La Jolla, CA, USA). Primer RB1 was homologous to the region located between +214 and +235 from the first nucleotide (nt) of the RB (Figure 1) . A "hot start" PCR was done by addition of Taq2000DNA polymerase after a first heating step at 94°C for 2 min. Two-step cycling conditions were used. The denaturing step at 94°C for 25 s was followed by an annealing/extension step. The first seven cycles were done with an annealing/extension temperature of 72°C for 3 min, and the annealing/extension temperature for the 32 additional cycles was 65°C for 3 min. PCR was terminated with a 7-min extension step at 65°C. Secondary PCRs were conducted with 1 µ L of a 50-fold dilution of the primary PCR using adaptor primer AP2 (5 ′ -TATAGGGCTCGAGCGGC-3 ′ ) and the nested RB-specific primer RB2 (5 ′ -CCAAACGTAAAACGGCTTG-3 ′ ). Primer RB2 was homologous to the region located between +121 and +139 from the first nucleotide of the RB (Figure 1) . The same PCR reagent mixture was used. The first five cycles were done with an annealing/extension temperature of 67°C for 3 min, and the annealing/extension temperature for the 22 additional cycles was 60°C for 3 min. A final extension step was also added for 7 min at 60°C. One-tenth of the reaction was analyzed by electrophoresis in an ethidium bromidestained 1.5% agarose gel.
Southern Blot Analysis
For Southern blot analysis of the amplification products from the secondary PCR, 2 µL of a 50-fold dilution from the secondary PCR were run on a 1.5% agarose gel, then transferred to a Hybond-N ® nylon membrane by vacuum blotting with the LKB 2016 VacuGene ™ Apparatus (both from Amersham Pharmacia Biotech). For Southern blot analysis of genomic DNA, 5 µ g of Taq I-digested genomic DNA were run on a 1.0% agarose gel and transferred as described above. DNA hybridization (18) was done with a RB-specific probe consisting of a Bcl I-Pst I fragment from the pBI-101 vector ( Figure 1 ). Labeling was done with the Oligolabelling kit (Amersham Pharmacia Biotech) by incorporation of [ α -32 P]dCTP (3000 Ci/mmol; NEN Life Science Products, Boston, MA, USA). Blots were washed twice at 65°C with 2 ×standard saline citrate (SSC), then twice with 2 ×SSC, 0.1% sodium dodecyl sulfate (SDS), and finally, twice with 0.1 × SSC. Then, blots were autoradiographed at -80°C for 24 to 48 h.
RESULTS AND DISCUSSION
The procedure consisted of three main steps: (i) digestion of DNA from transgenic plants, (ii)ligation of an adaptor to the fragments and finally (iii) two successive PCR amplifications using nested primer pairs (Figure 1) . The specific target for the PCR amplifica - tions was one end of those restriction fragments that contain the T-DNA RB sequence. The inexpensive, frequentcutter Taq I was chosen for restricting plant DNA because it yields fragments small enough to be amplified completely by TaqDNA polymerase. The length of the restriction fragments obtained with A. thalianagenomic DNA was less than 3 kb (results not shown). This size also corresponds to the upper limit of amplification length for TaqDNA polymerase in our PCR conditions. We modified the design features of the adaptor as described in Figure 1 . Adaptor was designed to have one staggered end complementary to that of the restricted Taq I genomic DNA. This allows specific ligation of the adaptor with restricted genomic DNA but not with fragments of broken DNA (mainly blunt ended) present in some DNA preparations. The lower adaptor strand was not phosphorylated to prevent its ligation to any restriction fragment and to consequently ensure that it would be lost from the adaptor during the first heating step of the PCR. In further steps, the annealing temperature was too high to allow the lower adaptor strand to re-anneal with the upper adaptor strand. However, to prevent an eventual generation of adaptor primer binding sites, resulting from the extension of the lower adaptor strand on any adapted restrictions fragment, two mismatched nucleotides were designed at the 3 ′ end of the lower adaptor strand (Figure 1 ) to block its eventual extension by TaqDNA polymerase. A 2-ntlong mismatch was considered to be sufficient to block extension, because the thermostable TaqDNA polymerase used does not have proofreading exonuclease 3 ′→5 ′ activity. T-DNA primers were designed to amplify a region located upstream from the NOSpromoter of the NPTII gene near the RB region of the T-DNA (see Figure 1 ). This region was chosen because its sequence is maintained more intact during the integration process, while the left border (LB) frequently suffers deletions (9, 14) . Figure 2A shows analysis of the products obtained from the secondary PCR amplification of various A. thalianatransgenic lines. The modified adaptor worked well, as no major background amplification was observed. All major PCR products contained the targeted T-DNA region, as shown by Southern blot with a RB probe ( Figure  2B ). To confirm that the length of the PCR products obtained by our procedure reflect the distance between the RB and the adjacent genomic Taq I site, the entire procedure ( Taq I digestion and PCR amplifications) was performed on a mixture of untransformed genomic DNA and pBI-101 plasmid DNA, whose sequence is known (8); the amplified product derived from pBI-101 had the expected 413-bp length (Figure 2A, lane BI) . Minor PCR products were seen after amplification of adapted DNA from untransformed plants (results not shown). Considering that these PCR products were absent when strong specific PCR products were generated, this background amplification could result from nonspecific annealing of RB without their specific target sequences. These nonspecific products were reduced if the temperature of the secondary PCR annealing/extension step was increased (results not shown).
Short Technical Reports
A Southern blot ( Figure 2C ) made with genomic DNA from the same lines, also digested with Taq I, was hybridized with the same RB probe as in Figure 2B . It shows different T-DNA integration patterns in each transgenic plant line. Nearly all the digestion products are, as expected, longer than approximately 630 bp, which corresponds to the distance between the known Taq I site at +626 on the RB end of T-DNA and the next Taq I site on the genomic DNA ( Figure 1 ). Each PCR product in Figure  2B could be associated with a restriction fragment longer than 487 bp in Figure  2C , which represents the distance between the RB2 primer and the Taq I site at +626 on the T-DNA. The size of the genomic fragments was estimated using the electrophoretic mobility of molecular weight markers as a reference (data not shown). Unique amplification products were generated with DNA from plants containing single insertions (Figure 2, A and C, lanes 6 and 8) . DNA from plants with multiple insertions gave complex PCR patterns (Figure 2, C  vs. A, lanes 1 and 2) . Damage in the T -DNA region adjacent to the RB, which is due to the integration process and leads to the loss of the sequences specific to the primers, could explain the presence of some unamplified insertions (Figure 2, C vs. A, lanes 3-5, 7 and 9 ).
Any single T-DNA insert contains a unique RB-PCR target, so multiple inserts that occupy different loci will constitute as many targets, each one giving a distinct amplification product. Nevertheless, the determination of T-DNA copy numbers becomes more complex when multiple inserts are integrated into the same locus. Tandem repeats are frequent and can have different organizations (3, 10) . Direct repeats (LB-RB/LB-RB) or inverted repeats with RB facing outward (RB-LB/LB-RB) still contain two RB-PCR targets, one for each T-DNA. However, integration events generating inverted repeats with RB facing inward (LB-RB/RB-LB) result in a configuration in which RBspecific primers are face to face, making PCR amplification impossible in suppressed PCR conditions. Multiple T-DNA inserts could have an effect on transgene expression, whether they occupy the same locus or different loci. Complementary analysis could be done with a set of primers specific to the LB; the same Taq I-digested and adapted genomic DNA could be used for that amplification unless portions of the LB had been deleted, making the use of other restriction sites necessary. A unique single T-DNA insert will generate a unique RB-PCR product and a unique LB-PCR product. Analysis with LB primers could also confirm different tandem repeats organizations.
Transgenic plants with single insertions are advantageous for transgene expression analysis, so screening with this method allows the elimination of plants with multiple insertions before performing the more time-consuming Southern analysis. The main advantage of the technique is that it requires less genomic DNA than Southern blot, especially when large genomes are analyzed. The method gives new information or complementary information when compared to Southern blot analysis. Taking into account that some Southern blots have to be exposed for many days to obtain a signal, the PCR technique gives faster results. If necessary, the PCR protocol could be optimized for better amplification of large fragments. Alternatively, Taq I-digested genomic DNA could be re-digested with another enzyme, giving compatible staggered ends, or a mix of adaptors having different staggered ends could also be used.
The technique developed in this work could be very useful for screening of T-DNA insertion mutants. Even if the PCR products generated by Taq DNA polymerase can contain some sequence errors due to the absence of proofreading by the enzyme, they can give worthwhile sequence information or be used as probes to identify flanking sequences. However, in T-DNA insertional mutagenesis, multiple T-DNA inserts (like tandem repeats) integrated into the same locus will generate a unique mutation. In this case, it is important to determine if each T-DNA occupies a different or the same locus. Further analysis could be performed on tandem repeats using direct standard PCR with only LB primers, with only RB primers or with both for amplification of the tandem T-DNA inward junction.
The PCR patterns obtainedwhether simple or complex -were specific and reflect the T-DNA integration pattern. In Figure 2 , A vs. C, lanes 1 and 2 represent two samples that were thought to have originated from distinct transgenic lines. However, their similar PCR pattern, confirmed by Southern blot analysis, showed that these two lines were derived from the same integration event. Therefore, this technique could be useful to develop ligation-mediated PCR fingerprints (17) to follow the evolution of transgenes or endogenous sequences in a large population.
This method can also be used for the study of other transgenic plant species as well as other gene integration systems using appropriate primers. We applied it to transgenic BY-2 tobacco cells (16) (results not shown). In this case, PCR results were obtained only when the second amplification step of the first PCR was lengthened from 32 to 37 cycles. This requirement is due to the larger genome of tobacco when compared to A. thaliana .
INTRODUCTION
In recent years, nonradioactive labeling and detection systems of nucleic acids have overcome the safety, disposal, stability and cost problems that are associated with radioactive techniques. In contrast to traditional nonradioactive labeling methods (random priming, nick translation, cDNA synthesis, polymerase chain reaction [PCR], 3 ′ end-labeling and 3 ′tailing), which are enzyme-mediated, the newly developed
